Diode laser arrays integrated with a phase shifter are investigated systematically based on the beam propagation method. Device parameters have been varied to obtain expected mode conversion. The passive waveguide loss and two main factors accounting for varied far-field profiles at different driving conditions are analysed. We demonstrate that on-axis main-lobe emission can be maintained by reducing the phase-shifter length within a certain scope. The far-field angle under the thermal lensing effect is theoretically proved to be nearly diffraction-limited by two-step etching. These optimizations are promising for on-axis nearly diffraction-limited laser emission with a higher output power.
Introduction
The development of high-brightness diode lasers has attracted extensive interest because of their wide application in fields such as optical communication, optical storage, laser display technology. Although surface emitting lasers have achieved excellent results in single mode and narrow divergence emission, the output power was seriously limited [1] [2] [3] . Despite their high output power, traditional edge-emitting diode lasers often suffer from unstable divergence and poor beam quality in the slow axis which degrade their brightness. Various attempts have been proposed to improve the beam quality including the master oscillator power amplifier (MOPA) lasers [4] , external cavity lasers [5, 6] , antiguided laser arrays [7] , Y-junction laser arrays [8] and parabolic bowtie laser arrays [9] and so on. Some of these attempts show prominent performance but require complicated fabrication process or rather large external optical system where high cost or punctilious alignment are inevitable, and the others demonstrate relatively poor characteristics such as low power, instability, or operation only under pulse mode which restricts the application area. Design of phase-locked diode laser arrays with integrated phase-shifters was firstly proposed by Ackley et al [10] and devices were experimentally achieved with an external phase-shift plate [11] [12] [13] , or an integrated phaseshift facet coating [14] . A three-region design with curved waveguides as an integrated phase-shifter was reported to achieve the on-axis, diffraction-limited beam pattern, but only a low power in pulse mode was obtained [15] . Compared with structures mentioned above, we have developed a device which provided more effective phase-shift function with a simpler design, and achieved better results on high-brightness emission [16] . However, the theoretical design strategy of the device has not been analysed, and the experimental results were still accompanied with large optical loss, low differential efficiency and imperfect far-field profile affected by mode competition and thermal effect. It is thus important to systematically optimize the device parameters for stable device performance. In this paper, we present a comprehensive analysis about the device design and performance. The optimization of the device parameters is also provided to stabilize the device performance. 
Structure design
The device consists of three parts: the phase-locked region, the phase-shift region, and the output region, which is schematically depicted in figure 1 . The details of the three parts are described in [16] . To achieve an expected phase-shift function, the widths and the lengths of the waveguides in the phase-shift region should be designed and optimized prudently. The width of waveguide A (WA) should be designed properly because a value too large will introduce multiple stripe modes into the single stripe WA, and a value too small will reduce the EID between waveguide B (WB) and WA and thus degrade the phase-shift function. The mode number, effective index difference (EID) and confinement factors of the existing modes for various widths of WA are shown in figure 2 , with a build-in refractive index step (RIS) of 0.005 achieved by dry etching. Although the mode number increases from two to three when the width of WA reaches 5 µm, the confinement factor of the additional mode 2 is lower than one-sixth of those of the first two modes and thus we can simply ignore it. The width of WA is chosen to be 5 µm for the trade-off between the EID and the dominance of the fundamental mode in the single WA.
The length of the phase-shift region should satisfy the following equation:
where L ps , ψ, N m and λ are the length of the phaseshift region, the expectant phase difference, the EID between the adjacent waveguides, and the emission wavelength, respectively. To transform the out-of-phase mode into the in-phase one with a shortest phase-shifter length, a phase difference of π should be produced between the adjacent waveguides. The effective indexes of the WA and WB are calculated to be 3.3993 and 3.3978, respectively. Thus the length L ps is calculated to be 302 µm for the wavelength of 910 nm with an EID of 0.0015. In our experiment and following analysis, this length is chosen to be 300 µm.
Parameter measurements
The light-current (L-I ) curve comparison between a broad area (BA) laser with width of 100 µm and length of 1000 µm, and laser arrays integrated with a phase-shifter described in [16] are displayed in figure 3(a). We can observe a reduction of slope efficiency by a factor of more than 26% from the BA laser to the laser arrays with a phase-shifter, although they are based on the same epitaxial wafer and have a same active waveguide length of 1000 µm. Previous work on passive waveguide loss [17] has shown a relation between the passive waveguide loss and the external differential quantum efficiency per facet which is described as
where
, L pb and R are passive waveguide loss, internal loss, internal differential quantum efficiency, length of the active waveguide, length of the front and back passive waveguide, and reflectivity of the facet mirrors, respectively. In order to investigate the passive waveguide loss in our device, we design four kinds of BA lasers with different passive waveguide lengths as shown in the inset of figure 3(b). Devices with same total cavity length of 1400 µm, waveguide width of 100 µm, and L p = 0, 200, 400 and 600 µm (L pf = L pb = 0.5L p ) are fabricated. Figure 3(b) shows the measured slope efficiency as a function of the passive waveguide length. The passive waveguide loss is calculated to be about 15.3 cm −1 which is over three times the calculated internal loss (∼5 cm −1 ). Although this value is smaller than that (∼40 cm −1 ) reported in [17] , we believe that the L-I characteristic of our diode laser arrays with an integrated phase shifter can be further improved if QW intermixing is introduced in the passive phase shifter. Figure 4 depicts the simulated amplitude distributions of the fields before and after the mode conversion, with a 2D beam propagation method [18] . The simulation in [16] has yielded a distinct localization of the field strength in the WB for the output field, unlike that for the input field. However, the amplitude distributions for the input and output fields reveal similar envelopes, showing no localization in WB. This is because the phase-shifter bends the equiphase surface and makes the maximum amplitudes in different waveguides noncoplanar.
Simulation results
The far-field characteristic in [16] shows two types of far-field patterns under the low and high driving currents, respectively. For low driving currents, the visible side lobes result from the competition of multiple modes in the phaselocked region. We can easily find the primary modes among them, by selecting the ones which contribute to a calculated output far-field pattern fitted to the experimental pattern. Among the nineteen array modes in the phase-locked region, three modes are selected because their corresponding far-field peaks agree well with the ones in the experimental patterns, as shown in figure 5(a) . These three modes are the in-phase mode (mode 0), the out-of-phase mode (mode 9), and a coupled high-order element mode (mode 16), with weights of 0.25, 0.5 and 0.25, respectively. For high driving currents, the experimental far-field angles are larger than the diffraction-limited one of 0.88
• because of thermally induced modulation of the refractive index profile. The large passive waveguide loss calculated above reduces the output power and converts it into heat. The resultant temperature rise differs at different waveguides of the laser arrays, larger at the centre and smaller on both sides. This non-uniform rise induces a modulation of the refractive index of the waveguides, which acts as an integrated thermal lens [19] , focusing the near-field distribution and broadening the main lobe of the far-field profile. For simplification, we simulate this effect by assuming a linearly graded refractive index profile from the centre to both sides in the phase-shift region and output region, as shown in figure 6(a) . Since the device is mainly GaAs-based, the temperature-dependent index coefficient dn/dT is set to be 0.000 165 K −1 according to the material library of Rsoft software [18] . The temperature step between the adjoining waveguides is assumed to be 2 K [19], and thus an index step of 0.000 33 is chosen in our calculation. We can observe from figure 6(b) that the FWHM of the main-lobes of the simulated and experimental far-field distribution fit well, which proves our analysis above.
To overcome the thermal effect on the far-field pattern, the build-in RIS should be strengthened in the phase-shift region and output region, to reduce the sensitivity of the mode profile to the thermal gradients. Meanwhile, in order to achieve a strong mode coupling in the phase-locked region, the small RIS in it should be maintained. This non-uniform index steps can be achieved by two-step dry etching, with the shallow etching in the phase-locked region and deep etching in the two other regions. Figures 7(a) and (b) show the simulated amplitude and far-field profiles of the output field for three different etching depths. It should be noted that deeper etching will increase the EID between the adjacent waveguides in the phase-shift region, and consequently the length of the phaseshift region should be reduced. According to the equation (2), the lengths of the phase-shift region with build-in RISs of 0.01 (EID = 0.00219) and 0.015 (EID = 0.00261) are calculated to be 208 µm and 174 µm, respectively. The RIS of 0.015 corresponds to the etching depth reaching just about 100 nm above the active region. We can observe from the envelopes of the amplitude distributions that the power is less concentrated on the central waveguide when the RIS is enlarged. The farfield angles with RISs of 0.01 and 0.015 are reduced by factors of 0.52 and 0.54, respectively, compared to that with RIS of 0.005. In addition, the reduced phase-shifter lengths for larger RISs can also reduce the absorption loss in the passive phaseshifter. Although the far-field angle is reduced with deeper etching depths, it is still slightly higher than the diffractionlimited angle of 0.88
• because the thermal-induced refractive index gradient can't be offset completely by a uniform RIS no matter how large the RIS is.
Since the length of the phase-shifter region is critical to the total absorption loss, we can also weaken the thermal effect by optimizing it. Although the length has been determined by equation (2), it is based on the perfect mode conversion where the phase shift of π is required. Actually a phase shift of π /2 may change the out-of-phase mode into an in-phaselike one in which the phase difference between the adjacent waveguides is near π /2 and the maximum field strengths in the WB and WA start to be of the same sign. Figure 8(a) depicts the colour-scale plot of the calculated far-field profiles with varied phase-shifter lengths and the RIS of 0.005. To simplify the simulation, the thermal effect is ignored, and the length of both tapered sections is maintained to be 25 µm and the length of the narrow 2 µm waveguides changes from 0 µm to 160 µm. We can see that the far-field profile is transformed from off-axis two-lobe emission to on-axis main-lobe emission at the length of 163 µm. This value is very close to half of the perfect length (302 µm) satisfying equation (2) , and the difference between them (12 µm) results from the tapered sections, of which the equivalent length is less than their actual length (50 µm) if we transform them into the equivalent waveguides with 2 µm width. When the total length increases to over 191 µm, the intensity of the peak of the side lobes reduces to below half that of the main lobe, and the FWHM of the farfield profile is greatly reduced by nearly an order of magnitude, as shown in figure 8(b). Figures 8(c) and (d) present the optical phase and amplitude distributions with the phase-shifter lengths of 163 µm and 191 µm, respectively. It is obvious that the phase difference between the adjacent waveguides changes from π to around π/2 with both phase-shifter lengths. We can also observe that when the length increases from 163 µm to 191 µm, the field amplitude between the adjacent waveguides increases from around zero to larger positive values, which appears more like that of the in-phase mode. This results in the suppression of the side lobes and the reduction of the farfield angle (FWHM). Therefore, if we only aim at main-lobe emission at zero degree of the far-field pattern, the length of the phase-shift region can be reduced by nearly half (from 302 to 163 µm). In case a nearly diffraction-limited angle (FWHM) is required, the length can be reduced by over one third (from 302 to 191 µm).
Conclusion
In conclusion, we have presented prudent optimization of the key design parameters of the phase-shifter in our device.
It is revealed theoretically that the mode competition and thermal effect degrade the device performance at the low and high driving currents, respectively. Aiming at high-brightness application, the passive waveguide loss, the length and the etching depth of the waveguides in the phase-shift region which affect the thermal effect as well as the far-field pattern are comprehensively discussed. High build-in refractive index step and proper lengths of the phase-shift region are proposed.
The device is prospective for high-power and diffractionlimited on-axis laser emission.
